1. The interaction of aflatoxin B1 with different polynucleotides was studied spectrophotometrically. Equations were derived that enable the degree of binding to be determined without first determining the extinction coefficient of the bound form. 2. The interaction with calf thymus DNA obeys first-order relationships with an association constant of 0O40mM-1, but there is some evidence for a secondary binding process from results obtained at 390nm. 3. The spectral shifts decreased in the order polyadenylic acid + polyuridylic acid> DNA> polyadenylic acid> polyadenylic acid + polyinosinic acid. Polycytidylic acid, polyuridylic acid, polyinosinic acid (both single-and triple-stranded), AMP, CMP, GMP and UMP did not interact with aflatoxin. It was concluded that there is a requirement for the amino group of adenine (or possibly guanine) for binding of aflatoxin to polynucleotides to occur. 4. Binding is reversed by increasing ionic strength, and by Mn2+ and Mg2+ in the concentration range studied (0-5mr). The effect of the Mn2+ or Mg2+ was far greater than would be expected on the basis of their ionic strength. With both the bivalent cations and sodium chloride the reversal is greatest with double-stranded polynucleotides. 5. Inhibition in vitro of the DNA-dependent RNA polymerase of Escherichia coli by aflatoxin B1 was detected only in the absence of Mg2+ and at concentrations of Mn2+ below the optimum for RNA synthesis in vitro. 6. The degree of inhibition (maximally 30%) was dependent on the concentration of Mn2+ and decreased during incubation.
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The aflatoxins are a group of toxic metabolites produced by certain strains of A8pergillu48 flavu8.
They were originally isolated from a sample of Brazilian groundnut meal contaminated with A. flavu8s that caused poisoning among poultry (turkey X disease) and other farm animals (Sargeant, Sheridan, O'Kelly & Carnaghan, 1961) . They have since been shown to be carcinogenic (Barnes & Butler, 1964) .
In the rat, symptoms of toxicity are accompanied by severe necrosis of the liver, preceded by suppression of nucleic acid and protein synthesis. In an attempt to elucidate the precise action of aflatoxin in its toxic role, attention has been drawn to the fact that aflatoxin interacts with DNA in vitro (Sporn, Dingman, Phelps & Wogan, 1966; Clifford & Rees, 1967a) . It has been reported (Clifford, Rees & Stevens, 1967) that the relative toxicities of aflatoxins B1, G1 and G2 reflect the relative strengths with which these three aflatoxins appear to be bound by DNA. Aflatoxin B1 (I) is by far the most toxic and gives rise to the greatest spectral shift in DNA. Many compounds that have marked toxic, mutagenic or carcinogenic properties have been shown to bind to DNA in vitro and, further, some of these compounds have been shown to inhibit the nucleic acid polymerase enzymes. With the report that aflatoxin B1 binds to DNA (Sporn et al. 1966) it was decided to investigate the extent and specificity of the binding and to determine the effect of the compound on RNA polymerase in vitro. Two groups (Clifford & Rees, 1967a; Spom et al. 1966) A88ay of RNA polymera8e. Polymerase activity was determined by measuring the amount of radioactive precursors rendered acid-insoluble, as described by Nicholson & Peacocke (1965) AJlatoxin. The aflatoxins were a gift from the Director, Medical Research Council Toxicology Research Unit, Carshalton, Surrey. Aflatoxin B1 was purified from this sample (B1, 35%; B2, 11%; G1, 45%; G2, 6.6%) by ascending t.l.c. on silica gel (Kieselgel H; Camlab, Cambridge) with the solvent system chloroform-diethyl ether-acetic acid (2:2:1, by vol.) (Lijinski & Butler, 1966 (Nicholson & Peacocke, 1965) of the procedure of Kay, Simmons & Dounce (1952) . Contamination from protein was less than 1%, as shown by the method of Lowry, Rosebrough, Farr & Randall (1951) . Determinations of DNA were based on determination of phosphate by the method of Fiske & Subbarow (Leloir & Cardini, 1957 ) and on E260. The 6260 of native DNA, based on DNA P, was 6-6 x 103. The solutions were pipetted by syringe to avoid pipetting errors due to high viscosity.
DNA was denatured by heating a solution, in 15mM-NaCl-lmM-trisodium citrate, at 87°for 10min., followed by shock cooling in an ice-water mixture. It was verified by hyperchromicity measurements at 258nm. that DNA was completely denatured under these conditions at 870.
Nucleotide8 Spectrophotometry. The binding of aflatoxin to 2',3'-nucleotides, polynucleotides and DNA was studied by measurements of extinction throughout the 360nm. absorption peak of aflatoxin. A difference between the spectrum of free aflatoxin and that of aflatoxin in the presence of nucleotide or polynucleotide was used as a test for binding. Small corrections for the extinction by the nucleotide component were made by including a reference cell containing the nucleotide without aflatoxin. Thus, to obtain the corrected difference of extinction, the sum of the extinctions of the aflatoxin and nucleotide, in separate cells, was subtracted from the sum of the extinctions of a cell containing both aflatoxin and the nucleotide and a cell containing solvent only.
Spectrophotometers used were the Unicam SP. 800 recording spectrophotometer, with 4cm.-light-path cells containing 2ml., and for the most accurate work a Hilger and Watts Uvispek, with micro-cells of 1 cm. light-path and 0-2ml. capacity. The first was used for the initial survey.
Those polynucleotides that showed evidence of interaction with aflatoxin were examined with the Uvispek. The temperature of the micro-cells could not be controlled, and varied between 200 and 250. RESULTS Binding to DNA. The determination of the amount of aflatoxin B1 bound by DNA is governed by two considerations. (1) The induced wavelength shift and hypochromicity are small; the extinction of a 20,UM solution of aflatoxin B1 falls by 25% in the presence of 5mi-DNA, whereas that of the same concentration of chloroquine falls by 40% * Abbreviations: poly A, polyadenylic acid; poly C, polycytidylic acid; poly I, polyinosinic acid; poly U, polyuridylic acid; poly A-poly U, poly A.poly I and poly I.poly C, double-stranded structures ofthe indicated compositions; (poly I)3, triple-stranded polyinosinic acid.
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AFLATOXIN, POLYNUCLEOTIDES AND RNA POLYMERASE with 0-4mm-DNA (O'Brien, Olenick & Hahn, 1966) . (2) It was found that to approach the condition where virtually all of the aflatoxin is completely bound required a concentration of DNA beyond its solubility. Because of this it was found impossible to determine the spectrum of fully bound aflatoxin experimentally, so that the usual method of Peacocke & Skerrett (1956) could not be applied. It was necessary therefore to derive an alternative relation between the change in extinction and the amount of aflatoxin bound that enabled the results to be extrapolated to infinite DNA concentration, at which it can be assumed that the binding of aflatoxin is complete.
The experimentally observed difference in extinction (AE) is given by: AE = CB.Aemm (1) where CB is the concentration of bound aflatoxin and AemM is the difference between the extinction coefficients of bound and free aflatoxin. The association constant K, as the total aflatoxin concentration (CT) approaches zero, is defined by: If any of these assumptions were invalid, it was anticipated that this would give rise to a non-linear primary plot (AE against CT).
Although the method required measurements at only one wavelength, as a precaution parallel measurements were made at 340, 360 and 390nm. were linear at all 13 DNA concentrations. This implies that Aem' is a constant, independent of CB in eqn. 1, and also that K is a constant independent of CT in eqn. 2. Hence it was considered that the assumptions were justified, and that AE340 and AE360 were directly proportional to the extent of binding. It als'o follows that the binding ratio CB/D (sometimes denoted by r) is linearly proportional to CF over the concentration range studied.
The primary plots for AE390 were appreciably curved, especially at low D/CT ratios.
Secondary plots of 1/m versus 1/D are shown in Fig. 2 for each of the three wavelengths. The results at 340 and 360nm. approximated to straight lines, and calculation of regression lines, with a 95% confidence level, shows that they converge within experimental error on the I/D axis, with K= 0 403mM-1 (+ 0-062, -0.046) for the 340nm. graph, and K=0 387mM-1 (+0-046, -0.036) at 360nm. Ae\f' is found to be -7-27 + 0-093 and Aems is -9-08 + 0-101. 0, in the absence of DNA; 9, the theoretical spectrum when completely bound to DNA.
0.7%. Significant deviations by aflatoxin from
Beer's Law were observed of about 1%, at the highest aflatoxin concentrations, at 340 and 360nm., but not at 390nm. where the extinction is lower. This indicates that the deviations probably originated in the instrument. It is impossible to obtain the absorption spectrum of bound aflatoxin directly. However, the spectrum can be calculated by using esm<>1 = _ 9-19 (Fig. 3) .
Binding to 2',3'-mononuc1eotide8. No change in the spectrum of aflatoxin B1 (24 HM, in lOmM-trishydrochloric acid buffer, pH7.4) was found on making the solution 2mM with respect to mixed 2',3'-AMP, 2',3'-CMP, 2',3'-GMP or 2',3'-IMP.
Binding to polynucleotides. The results of adding polynucleotides to aflatoxin B1 are shown in Fig. 4 . The lowest salt concentration at which DNA was studied was 15mM-sodium chloride-lmM-trisodium citrate. Poly I was also studied as a triple-stranded form in the presence of 0-26M-sodium chloride.
A minimal ionic strength is also a prerequisite for the rapid and complete formation of the doublestranded polynucleotides poly A-poly U, poly A * poly I and poly I * poly C. The difference spectra for these polynucleotides were therefore studied over the range of sodium chloride concentrations 0-0-IM. In addition, in the absence of added sodium chloride, poly A poly U caused a more intense difference spectrum than did either poly A or poly U, and the difference spectrum appeared rapidly on mixing poly A and poly U and remained constant thereafter. These results show that, at least at the nucleotide concentration employed, the formation of poly A -poly U goes rapidly to completion independently of added sodium chloride.
The relative intensities of the difference spectra (Fig. 4) were: poly A poly U> native DNA = denatured DNA> poly A> poly A poly I. Poly A poly U also caused the largest shift in the 360nm. absorption maximum of aflatoxin (approx. 4nm. towards the red).
Influence of ionic 8trength. The effects of increasing sodium chloride concentration on L\E360 for various polynucleotides are summarized in Fig. 5 , which shows that sodium chloride tends to reverse the binding of aflatoxin by polynucleotides. This effect is more marked for double-stranded polynucleotides (poly A-poly U, poly A-poly I and native DNA) than it is for their single-stranded forms poly A and denatured DNA. Similar effects on AE360 could be induced by the bivalent cations Mg2+ and Mn2+ (Fig. 6 ), but at much lower ionic concentrations than with Na+. (5) preceding sections. A further decrease of 44% was found on raising the temperature from room temperature (20-24°) to 37°. This corresponds to a value of the association constant K = 0 095 mM-1.
The next step was to examine the effect on binding of low concentrations of Mn2+ (0-2mM), insufficient to cause precipitation of the DNA. Mn2+, rather than Mg2+, was chosen since, at the concentrations employed, it is the preferred cofactor for RNA polymerase, thus allowing enzyme activity to be determined under conditions similar to those of the binding experiments. The decrease in binding observed (Fig. 6 ) when Mn2+ was added to a medium containing DNA (2mM) and aflatoxin (20/tM) was 50% at 20mM-Mn2+; above this concentration the DNA began to be precipitated. By using the above value of K it is possible to calculate a maximum value for the degree ofbinding under the conditions of polymerase assay (DNA concentration < 0-4mm; aflatoxin concentration 185,um), of 1 molecule of aflatoxin bound/60 DNA nucleotides. This neglects the influence of bivalent cations. An estimate of the attenuation of binding caused by Mn2+ can be obtained from Fig. 6 . How. ever, this is only approximate, since, among other considerations, variation of the DNA concentration alters the concentration of free Mn[2+ Effect8 of aflatoxin B1 on the 8ynthe8i8 of RNA. King & Nicholson (1967) reported that aflatoxin failed to produce a significant effect on the activity of DNA-dependent RNA polymerase, when assayed with optimum concentrations of Mn2+ (ImM) and Mg2+(4mM) ( Table 1 ). In Expt. 1 the incubation mixture was treated with a crude mixture of aflatoxins B1, B2, G1 and G2, in solid form, sufficient to saturate the solution:
no inhibition was detectable. In Expt. 2 a 2mM solution of purified aflatoxin B1 in propylene glycol was used. In addition a submaximal concentration of DNA was used to prime the RNA synthesis, so that any competition between aflatoxin and RNA polymerase for binding sites on DNA might manifest itself in a decrease of reaction rate: again no de- The concentration of DNA was 0 04mM, that ofpropylene glycol was 8% (v/v) and that of aflatoxin B1, where present, was 185,uM. The other conditions of assay are as described in the Materials and Methods section. The radioactivity of each was counted for a minimum of 104 counts. All samples were in triplicate, for which the means + S.E.M. are given. AFLATOXIN, POLYNUCLEOTIDES AND RNA POLYMERASE polymerase has consistently been observed. Table 2 shows that this effect is not significant either at higher concentrations of Mn2+ or in the presence of, instead, lMM-Mg2+.
Some attempts have been made to characterize this inhibition. Table 3 shows that the percentage inhibition is not appreciably altered by a 40-fold variation in the concentration of DNA primer, up to a concentration (0-4mn) that would normally be saturating.
The polymerase assays described so far were of 5min. duration. The effect of altering the incubation time is shown in Fig. 7 . This suggests that the inhibition by aflatoxin is most marked during the initial stages of the reaction. The inhibition diminishes with time from 30% at lmin. until it ceases to be significant after 3hr., by which time RNA synthesis has virtually ceased. Table 2 .
The effect of changes of temperature on the inhibition of RNA polymerase by aflatoxin is shown in Table 4 . If comparisons are made at fixed incubation times the inhibition appears to increase if the temperature is lowered from 37°.
DISCUSSION
The association constant K appears to be constant up to the highest binding ratio (CBID) achieved. At the lowest DNA concentration (0-46mM) and the highest aflatoxin concentration (40,uM) (1966) by using equilibrium dialysis, although their conditions were not maximal. In fact, by using eqn. 2 and a temperature-corrected value of K= 0-950mM1, the predicted binding is 1/600 nucleotides, in excellent agreement with their results.
The curvature in the primary plots of l\E at 390nm. may indicate that a second type of interaction is occurring. A similar deviation occurs in the binding ofacridine by DNA, again on the longerwavelength side of the peak (Peacocke & Skerrett, 1956) .
From the results it appears that adenine is required for binding of aflatoxin, since in all cases examined a difference spectrum only resulted when adenine was present in one of the polynucleotides. The failure of poly I to induce any spectral change indicates that an amino group in the purine ring is necessary for this to occur. A similar conclusion has been reached by Clifford & Rees (1967b) , on the basis of difference spectra induced by various substituted free purine bases. They also found that 2-aminopurine resembled adenine in its effect, but 9-5+ 5-6 10-6+ 2-5 9-6+ 1-8 9.0+ 2-3 68Q5 A. M. Q. KING AND B. H. NICHOLSON that 2,6-diaminopurine gave an enhanced difference spectrum.
The fact that the bond between aflatoxin and DNA is sensitive to increasing ionic strength suggests that it is partially polar in character. It seems reasonable to suggest therefore that the amino group of adenine (and possibly of guanine) is required for hydrogen-bonding with the oxo groups on the aflatoxin molecule. The relative weakness of hydrogen bonds compared with ionic interactions could also explain the weakness of the binding between aflatoxin and DNA compared with those interactions involving cationic ligands (e.g. chloroquine and proflavin). Secondary structure appears to be significant, as evidenced by the large shift induced by poly A*poly U compared with poly A alone, although the presence of a double-helical structure is not sufficient in itself to give rise to a difference spectrum, as shown with poly I * poly C.
The comparison of difference spectra raises the question how far these can be related to the actual binding. The magnitude of a spectral change is not necessarily a direct measure of binding, unless, as here with DNA, it has been shown to be the case.
Further, possible variations in AemMf between the different polynucleotide systems must be considered when interpreting the difference spectra discussed above. Thus binding to poly A -poly U is not necessarily greater than to poly A. This could explain why denatured DNA elicits a more intense difference spectrum than native DNA at high salt concentration (Fig. 5) . However, Sporn et al. (1966) , using equilibrium dialysis, also report a stronger binding of aflatoxin B1 by heat-denatured DNA (in 0.O1M-phosphate), so that further or different binding sites may be involved.
Although a spectral change indicates an interaction, it is, of course, possible to have binding without a spectral change, as, for example, when chloroquine binds a copolymer of deoxyadenylic and deoxythymidylic acids (O'Brien et al. 1966) . It is noteworthy that, although the spectrophotometric analysis of DNA does not detect invisible binding, it can be shown that, because of the effect of such invisible binding on CF, the calculated binding constant, K, represents the sum of the visible and the invisible binding constants. Consequently it is not possible to identify any invisible binding by comparing the results of this spectrophotometric method with those of equilibrium dialysis, since both methods should give the same results.
Increased ionic strength produces different effects with double-stranded and single-stranded polynucleotides. This does not appear to be explicable on the basis of changes in secondary structure with ionic strength, since both singlestranded and double-stranded helices are considered to be stable above an ionic strength of 0.01. Similar effects of high salt concentration have been observed with Acridine Orange (Steiner & Beers, 1961) .
The bivalent cations Mn2+ and Mg2+ also decrease the binding to DNA. For example, the initial slope of the graph of AE360 versus Mg2+ concentration for poly A * poly U showed that every Mg2+ ion that entered solution rendered between 3 and 4 nucleotides inaccessible to aflatoxin. It is known that DNA under these conditions binds Mg2+ and Mn2+ almost quantitatively (Felsenfeld & Huang, 1959; Lyons & Kotin, 1964) .
This enhanced action of Mn2+ and Mg2+ ions relative to that of Na+ at equal I must drastically decrease binding under the normal conditions of assay for RNA polymerase. In the Mg&+-free enzyme-assay systems it seems certain that some binding to DNA occurs even when the DNA is completely in the form of complexes with Mn2 . The observed activity at a low concentration of Mn2+ (0-5mM), when the binding is about 40% higher, is 90% of the control, which in turn is half of that at the optimum concentration of Mn2+ (2mm). Variation of the DNA concentration between 0X01 and 0-4mm, at the low (0.5mM) Mn2+ concentration, varied the activity of the controls and aflatoxin-containing assays in parallel fashion, so that the percentage inhibition remained constant. The inhibition therefore does not conform to the classical competitive type, to the extent that it is not reversed by saturating the enzyme with DNA.
If the site of action of aflatoxin is RNA polymerase, there are two possible mechanisms to account for its toxicity. The first is by synthesis of an altered messenger RNA, the second, by a substantial inhibition of RNA synthesis.
In the first mechanism the slight inhibition found at suboptimum Mn2+ concentrations, the specificity of aflatoxin for adenine residues, and the decrease of inhibition with time indicate some sensitivity of the system to aflatoxin that would exist at a greatly diminished extent in vivo, resulting in incomplete or altered messenger RNA, so that this possibility cannot be dismissed. With respect to the second mechanism it is obvious that the incorporation of nucleotides is not affected by small amounts of aflatoxin B1 bound to the DNA, so that unless the mammalian enzymes are much more sensitive to aflatoxin B1, which would imply an interesting structural difference, a substantial inhibition of RNA polymerase cannot be the lethal step.
